Japanese cornmint (Mentha canadensis L., synonym M. arvensis L.) is a subtropical plant with major producers India, China, Vietnam, and Brazil (Chand et al., 2004; Clark, 1998; Kumar et al., 2000; Lawrence, 2007; Singh and Saini, 2008) . Th ere is no production of Japanese cornmint in the United States despite some incorrect reports (Pandey et al., 2003; Singh and Saini, 2008) . Japanese cornmint is the only commercially viable source of crystalline menthol, which is used in pharmaceutical, food, fl avor, and fragrance industries (Clark, 1998; Chand et al., 2004; Galeotti et al., 2002; Lawrence, 2007; MIRC, 2010; Shrivastava et al., 2002; Topalov, 1962; Topalov, 1989) . Th e United States is a major importer of Japanese cornmint essential oil and (-)-menthol (the MIRC, personal communication, 2007). Due to inconsistencies with supply and quality of (-)-menthol or Japanese cornmint essential oil, mint growers and broker companies are interested in domestic U.S. production of Japanese cornmint. Japanese cornmint can be a viable crop in the southeastern United States and provide desirable oil composition with a high concentration of (-)-menthol (Zheljazkov et al., 2010a) .
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A limiting factor for the establishment of Japanese cornmint production in the southern and southeastern United States has been the lack of suffi cient information on agronomics and postharvest management of this potential new crop. Harvesting time is important because of its direct eff ect on number of cuts in a cropping season. Another important aspect that has not been addressed in the United States is drying of Japanese cornmint before essential oil extraction. To increase effi ciency of essential oil extraction, peppermint and spearmint producers in the Midwest and northwestern United States traditionally have been drying the harvested biomass, which results in lower transportation and extraction costs. Th e objective of this study was to assess changes in essential oil content and composition of Japanese cornmint as a function of harvesting time and drying.
MATERIALS AND METHODS

Plant Materials and Growing Conditions
Certifi ed and virus free planting material (propagated through tissue culture) of cultivars Arvensis 2 and Arvensis 3 of Japanese cornmint were acquired from Th e Summit Plant Laboratories, Inc. (Fort Collins, CO). All mint plants were equal in size, approximately 10 cm tall, and with several pairs of leaves. A fi eld experiment was conducted in 2007 and 2008 at the North Mississippi Research and Extension Center (NMREC) in Verona, MS.
Th e soil at the experimental site was a Quitman sandy loam (fi ne-loamy, siliceous, semiactive, thermic Aquic Paleudult) with 1.15% organic matter, 6% clay, 55% silt, and 38% sand, pH of 6.4, and concentration of available nutrients in kg ha −1 as follows: P-63, K-59, Ca-1,912, Mg-81, Zn-1.4, S-130, and Na-118. Land preparation included plowing and disking, and raised beds (12 cm high and 80 cm wide across the top) were prepared using a press-pan-type bed shaper machine (Zheljazkov et al., 2010a) . Th e bed-shaping machine also placed a drip tape irrigation tube at 2 to 3 cm soil depth below the soil surface, in the middle of the bed. Weed control in both cropping seasons was conducted with a preplant (2007) and early spring (2008) application of the herbicide Sinbar [terbacil (3-tertbutyl-5-chloro-6-methyluracil)] at 2 kg ha −1 . All mint seedlings were transplanted on 4 May 2007 on two rows on each bed in an off set pattern, with 30 cm in row and 30 cm between row spacing. Approximately 1 m 2 of subplot from each research plot was harvested at each harvest for essential oil extraction.
Plants were irrigated biweekly to maintain soil moisture of 75 to 80% fi eld capacity. Nutrients were provided through a single application of controlled-release fertilizer (Osmocote Plus 15N-9P-12K; Scotts-Sierra Horticultural Products Co., Marysville, OH), calculated to provide 120, 72, and 96 kg ha −1 of N, P, and K over the growing season.
In 2008, Japanese cornmint was harvested at diff erent times as scheduled; fi rst harvest on 13 May, second harvest on 1 July, third harvest on 14 July, fourth harvest on 30 July, and fi ft h harvest on 29 September. In 2007, the harvests were on 7 August, 24 August, 17 September, and 8 October. Diff erences in harvest time were due to the fact that mint plants were transplanted in May 2007, and grown as a short-term perennial in 2008. Flowering and other phenostages were in diff erent times during the experimental years and for the two cultivars. Immediately aft er harvest, fresh weight was recorded, subsamples of fresh tissue were distilled, the remaining portion of the harvested biomass was dried at 40ºC, dry weight was recorded, and the dried samples distilled.
Th e essential oil from both fresh and dried mint samples (500 g fresh, 250 g dry representative subsamples) from each subplot was extracted for 60 min in 2-L steam distillation Clevenger type collector apparatus, (Hearthmagic, Rancho Santa Fe, CA), as described previously (Zheljazkov et al., 2010a (Zheljazkov et al., , 2010b . Oil content was calculated as the weight of oil per weight of dry tissue. Th e oil yield per area was calculated from biomass yields per area and oil content of genotypes and replicates. Th ree oil samples from every treatment were collected and analyzed separately for oil composition.
Gas Chromatography-Mass Spectrometry and Quantitative Analysis
Gas chromatography-mass spectrometry (GC-MS) methods and conditions for analysis were similar to those previously described (Zheljazkov et al., 2010a (Zheljazkov et al., , 2010b . Chemical standards and oil samples were analyzed on a Varian (Palo Alto, CA) CP-3800 GC coupled to a Varian Saturn 2000 MS/MS. Th e GC had a DB-5 fused silica capillary column (30 m by 0.25 mm, with fi lm thickness of 0.25 μm) under the following T program: injector temperature, 240ºC, column temperature 60 to 240ºC at 3ºC/min then held at 240ºC for 5 min; carrier gas, He; injection volume, 1 μL (splitless). Th e MS mass had a prescan ionization time of 100 μs, an ion trap temperature of 150ºC, manifold temperature of 60ºC, and a transfer line temperature of 170ºC.
(-)-Menthol, (-)-menthone, and (R)-(+)-limonene GC grade standards were purchased from Fluka (Buchs, Switzerland). With fi ve concentration points, an external standard least squares regression for quantifi cation was used. All analytes were used to formulate separate calibration curves. All calculations were performed by generation of standard curves within Varian's Saturn GC/MS Workstation soft ware package Version 6.40. Chromatograms of each of the oils from the fi eld experiments were compared to the standard injections. Th e target peaks were confi rmed by retention time and mass spectral data. Confi rmed integrated peaks were then used to determine the percentage of each chemical constituent in the essential oil.
Statistical Analyses
Biomass yield, oil content, and oil yield for the genotypes; and (-)-menthol concentration, (-)-menthone concentration genotype responses that were collected repeatedly at fi ve harvests were analyzed as a two-factor factorial (cultivar: Arvensis 2 and Arvensis 3; Material: dry and fresh biomass extracted) in six combinations of block (B1, B2, B3) and year (2007 and 2008) blocks. Since the corresponding constituent yields were measured only from fresh material, they were analyzed as repeated measures in a randomized complete blocks design. Th e ANOVA was completed using the Mixed Procedure of SAS (SAS Institute, 2003) , and further multiple means comparison was completed for signifi cant (p value <0.05) and marginally signifi cant (p value between 0.05 and 0.1) eff ects by comparing the least squares means of the corresponding treatment combinations using the LSmeans statement of Proc Mixed with PDIFF option to produce p values for all pair wise diff erences. Means were separated at the 5% level of signifi cance. Th e validity of model assumptions on the error terms was verifi ed by examining the residuals as described in Montgomery (2009) . Signifi cant interactions with Harvest were investigated to determine if the relationship between Harvest and the corresponding response variables can be described using either a nonlinear regression model or a third order polynomial regression model. However, since none of these relationships could be described using a nonlinear model, we fi tted a third order polynomial regression model expressed as: Figure 1 as well as the regression fi ts were produced using Minitab 15 soft ware (Minitab, State College, PA).
RESULTS AND DISCUSSION Th e gas chromatography-fl ame ionization detector (GC-FID) analysis of the essential oils from the cultivars of M. canadensis found α-pinene, β-pinene, 3-octanol, 1,8-cineole, limonene, menthone, isomenthone, neo-menthol, I-menthol, pulegone, piperitone, menthyl acetate, β-caryophyllene, and germacrene-D. Because Japanese cornmint is grown for commercial production of (-)-menthol, and (-)-menthone is a precursor of (-)-menthol, (-)-menthone and (-)-menthol, the two major constituents of M. canadensis oil were quantifi ed.
Biomass and oil yield were aff ected by all two-way interactions; oil content was aff ected by cultivar and the material by harvest interaction; (-)-menthol concentration was aff ected by main eff ects and (-)-menthone was aff ected by cultivar and harvest (Table 1) .
For fresh biomass, harvest aff ected (-)-menthol and (-)-menthone yields (Table 2) . Arvensis 2 had greater oil content than Arvensis 3, while Arvensis 3 had higher concentrations of (-)-menthol and (-)-menthone than Arvensis 2, respectively) ( Table 3) . Drying of biomass before oil extraction increased menthol concentration in the oil (68.9 vs. 64.7%).
Arvensis 3 had higher fresh biomass than Arvensis 2, the dried biomass of the two cultivars were not diff erent (Table 4) . Oil yields from fresh Arvensis 2 was higher than for fresh Arvensis 3 and dry Arvensis 2; oil yield of dry Arvensis 3 was similar to all other values (Table 4) .
Th e concentration of (-)-menthol was higher at Harvests 1, 4, and 5, and lower at Harvest 2 (Table 5) . Th e concentration of (-)-menthol at Harvest 3 was lower than in Harvest 4, but not diff erent from the other harvests. Th e concentration of (-)-menthone in cornmint oil was highest in Harvest 2, lower in Harvests 1, 3, and 5, and lowest in Harvest 4, indicating the presence of other factors infl uencing this monoterpene synthesis and accumulation (Table 5) . Th e yield of (-)-menthol (as a function of biomass yields, oil content in the biomass, and (-)-menthol concentration of the oil) was highest in Harvest 4, lower in Harvests 2, 3, and 5, and lowest in the fi rst harvest (Table 5) . Th ese results suggest that under conditions of the northern Mississippi (or in other areas with similar latitude and environment), cornmint for production of (-)-menthol should be harvested in late July. (-)-Menthone yields were higher in Harvests 2, 3, and 4 and lower in Harvests 1 and 5 (Table 5) .
Biomass yields of the two cornmint cultivars in relation to harvest followed similar patterns (Fig. 1a) , but the actual yields from Arvensis 3 were higher than those from Arvensis 2 during the fi rst four harvests. Th is was reversed in Harvest 5. Biomass yields of cornmint cultivars were relatively low in Harvests 1 and 2, and high in Harvests 3 and 4 for Arvensis 3, and low in Harvests 1, 2, and 3, and high in Harvest 4 for Arvensis 2, and decreased substantially at Harvest 5 for both cultivars. For biomass yield Arvensis 3 should be harvested in mid-July, and Arvensis 2 should be harvested in late July. Th e revelation of the highest biomass yields of the cultivars before the last tested harvest opens the possibility for double harvesting (two cuts) in a growing season (fi rst cut in July and second cut in October) (Zheljazkov et al., 2010a) , which presumably may substantially increase yields and the overall economics of cornmint production systems in Mississippi. Th e biomass yield response varied depending on the drying; while fresh biomass yields varied signifi cantly in response to harvesting time, this was not the case with dry biomass yields (Fig. 1b) .
Oil content in the dried biomass was lower at the fi rst and last harvests and higher in harvests 2, 3, and 4, whereas oil content in fresh biomass was lower at fi rst harvest, and higher at Harvests 3, 4, and 5 (Fig. 1c) . Th e oil content in cornmint cultivars was around threefolds higher in the dried compared to that in fresh biomass (Fig. 1c) .
Th e overall oil yields of both cultivars were highest at Harvest 4 and steeply decreased at Harvest 5 due to loss of older leaves right aft er fl owering (Fig. 1d) . While the two cornmint cultivars had similar oil yields at Harvests 1, 2, and 4, oil yields of Arvensis 3 were higher at Harvest 3 and lower at Harvest 5 compared to those of Arvensis 2 (Fig. 1d) .
To compare the chemical profi le of M. canadensis essential oils from this experiment to oils produced in other countries, we purchased and analyzed two commercially available M. canadensis essential oil samples (Table 6 , Fig. 2a,b,c) . Th e commercially available oil samples had a lower (-)-menthol concentration than oils produced in this experiment (Tables 3 and 6) . Th e commercially available oils might have been dementolized to produce crystalline menthol. Th e concentration of (-)-menthone in commercially available oils was higher than in the oils generated in our experiment (Tables 3 and 6) , and there were notable concentrations of limonene (Table 6, Fig. 2c) . Th e limonene concentration in the commercially available samples of M. canadensis was similar to limonene concentrations of spearmints grown in Mississippi (Zheljazkov et al., 2010c) .
Th e concentration of (-)-menthol in M. canadensis genotypes in this study was similar to previous reports (Pandey et al., 2003; Murray et al., 1972; Verma et al., 2010; Zheljazkov and Margina, 1996; Zheljazkov et al., 1996a,b) . Th e productivity of the two genotypes of M. canadensis with respect to oil yields in this study were greater than those previously reported (Ram et al., 2006; Singh and Saini, 2008; Singh et al., 1989a Singh et al., , 1989b Zheljazkov and Margina, 1996; Zheljazkov et al., 1996a Zheljazkov et al., , 1996b . Th is subtropical plant can be used as essential oil crop in the southeastern United States. Th is species was not previously established as crop in the United States, however, there was a previous production of crystalline (-)-menthol in the United States using imported Japanese cornmint oil (Clark, 1998) , opening the possibilities for further value added processing of domestically produced M. canadensis oil. ANOVA p values that show the main and interaction effects of cultivar, material and  harvest on biomass yield, oil content, oil yield, (-)-menthol concentration, and (-) Th e earlier harvest would provide oil with suffi cient (-)-menthol concentration. Earlier harvest could also allow for additional harvests (Zheljazkov et al., 2010a) , which may increase M. canadensis oil and may translate into better economics. Drying of the M. canadensis biomass before distillation did not alter oil composition. Th at would off er producers extended time for harvest and distillation, more effi cient distillation, and perhaps better utilization of the extraction facility, which is usually the most expensive investment in the mint industry.
